Historical and paleolimnological studies have demonstrated that environmental changes in the North Pacific can strongly affect sockeye salmon (Oncorhynchus nerka) abundances. Whether these marine shifts would be influential on sockeye salmon from all lake types, however, has not yet been studied. This study represents the first paleolimnological analysis of past sockeye salmon population dynamics in a stained nursery lake (Packers Lake, Alaska). We adopted a multiproxy approach to determine whether salmon-derived nutrients (inferred from δ 15 N) would be available for algal uptake (inferred from the diatom species responses) in this stained lake, as high concentrations of humics and iron are known to sequester phosphorus. The strong degree of coherency between δ 15 N and diatoms, however, suggests that salmon-derived nutrients were bioavailable and enhanced productivity. Overall, our indicators responded to changes in sockeye salmon abundances and volcanic ashfalls over the past~500 years. In a section of the core unaffected by tephras (AD~1770-1882), our record suggests that the number of sockeye salmon spawners fluctuated widely. Comparison of temporal shifts in inferred sockeye salmon abundances from Packers Lake with other clearwater nursery lakes reveals a broadly consistent pattern, likely influenced by past climatic changes.
Introduction
A century's worth of commercial catch data for Pacific salmon (Oncorhynchus spp.) in Alaska has revealed dramatic variability, with the annual harvest fluctuating betweeñ 25 million and~200 million fish (Wertheimer 1997) . Numerous analyses of Pacific salmon historical records have detected significant decadal-scale shifts and suggest that climatic fluctuations, manifested strongly in the marine environment (e.g., the Pacific Decadal Oscillation), explain these patterns (e.g., Hare and Mantua 2000 and papers cited therein). Paleolimnological studies extend sockeye salmon (Oncorhynchus nerka) records back hundreds to thousands of years (i.e., prior to extensive anthropogenic disturbances) and support the argument that climatic shifts are key factors explaining population dynamics of Pacific salmon (Finney et al. 2000; Gregory-Eaves et al. 2003; Sweetman and Finney 2003) . Paleolimnological studies from numerous lakes within the Kodiak Island and Bristol Bay regions also documented synchronous trends in sockeye salmon population dynamics over the past~2200 years (Finney et al. 2000 (Finney et al. , 2002 .
Packers Lake is distinct from other sockeye salmon nursery lakes whose sediment records have been studied to date. Packers Lake lies in a different geographic region and it is a stained lake. Stained sockeye salmon nursery lakes are not uncommon in Alaska and have been defined as lakes with true colour >10 platinum cobalt units and turbidity is <3 nephelometric turbidity units (Koenings and Edmundson 1991) . Stained lakes typically have a shallower euphotic zone than clearwater lakes (i.e., Secchi depths in stained lakes are, on average, 2 m shallower than in clearwater lakes; Koenings and Edmundson 1991) . In addition, elevated concentrations of dissolved humic substances and iron in stained lakes can render phosphorus less available for algal uptake, as these compounds are known to form complexes with phosphorus (Jones 1998) . In particular, Edmundson and Carlson (1998) found that, compared with clearwater lakes, stained Alaskan lakes had chlorophyll a concentrations that were 30% lower per unit total phosphorus. Lower productivity, along with warmer temperatures and lower dissolved oxygen conditions typical of stained lakes, can also limit sockeye salmon smolt production (Koenings et al. 1985) . One of the objectives of this project was to evaluate whether sockeye salmon from a stained lake would show production trends coherent with those observed regionally in clearwater lakes or whether local nursery lake conditions would be more influential in determining sockeye salmon spawner abundances.
We analysed a suite of paleolimnological proxy indicators (δ 15 N, diatoms, biogenic silica, and δ 13 C) to reconstruct past sockeye salmon abundances and water quality conditions. Sockeye salmon accumulate >95% of their weight in the marine environment and then return to their natal freshwater environment to spawn and die (Burgner 1991) . Thus, decomposition of their carcasses can represent a significant delivery of nutrients to the freshwater environment, with up to 60% of a lake's annual phosphorus loading coming from salmon carcasses (Koenings and Burkett 1987a) . Sediment δ 15 N analysis can be used to track these salmon-derived nutrients, as salmon are significantly enriched in δ 15 N relative to terrestrial sources (Mathisen et al. 1988; Kline et al. 1993) , and δ 15 N has been shown to be related to the density of sockeye salmon spawners (number of spawners per square kilometre; Finney et al. 2000) . Diatoms, a group of algae that are often well preserved in lake sediments, represent another proxy that has been used to infer past changes in salmon-derived nutrient loading, as diatom species assemblages are very sensitive to shifts in nutrient concentrations (Finney et al. 2000 (Finney et al. , 2002 Gregory-Eaves et al. 2003) . Nevertheless, it was not known whether diatoms would track changes in salmon-derived nutrients in a stained lake. If humic substances and iron in a stained lake form strong complexes with phosphorus, then diatoms might be expected to show little or no response to changes in salmon-derived nutrients inferred from δ 15 N.
Materials and methods

Site description
Packers Lake (60°28′30′′N, 151°55′30′′W) is located on Kalgin Island, which is situated within Cook Inlet, Alaska (Fig. 1) . This modestly sized sockeye salmon nursery lake (mean depth is 12.2 m and surface area is 2.1 km 2 ) is slightly acidic, mesoeutrophic, and considerably coloured (Table 1) (Mazumder and Edmundson 2002) . The dystrophic nature of this lake is likely due to seepage inputs that have come from boggy vegetation such as sedges, meadow grasses, and Sphagnum spp. (Koenings et al. 1985) . The catchment also contains some Sitka spruce (Picea sitchensis) and western hemlock (Tsuga heterophylla).
Some nutrients in Packers Lake, however, probably come from the decay of sockeye salmon carcasses. Historical data extending back to 1926 suggest that sockeye salmon escapement to Packers Lake has varied considerably, from <100 to 100 000 fish (Koenings et al. 1985; Colvin 2001 ). However, it was not until 1973 that a consistent method for enumerating adults returning to Packers Lake was established. Therefore, some of the variability in escapement predating 1973 may be the result of differences in enumerating techniques. Since 1973, the number of returning spawners has been monitored by counting the adults that pass a weir at the outlet of Packers Lake. The annual return of sockeye salmon since 1973 has varied between 168 and 58 010 spawners (Colvin 2001) .
The year 1973 also marks the beginning of fisheries enhancement programs at Packers Lake. In 1973, after 1.4 million sockeye salmon eggs were collected, the lake was treated with rotenone in an attempt to eliminate large populations of threespine (Gasterosteus aculeatus) and ninepine stickleback (Pungitius pungitius) (Koenings et al. 1985) . Sockeye salmon eggs collected from Packers Lake in 1973 were incubated in the Kasilof hatchery and reintroduced as fry into Packers Lake in 1974 after the lake had detoxified (Koenings et al. 1985) .
Further manipulations of Packers Lake began in 1983. It was believed that more smolts could be produced if the lake were limed to reduce the concentration of dissolved organic matter and fertilized to stimulate primary and secondary productivity, which in turn could provide an enhanced forage base for sockeye salmon fry (Koenings et al. 1985; Mazumder and Edmundson 2002) . In 1983, 21 tons of lime and 3942 kg of nitrogen fertilizer were applied to the northern third of the lake (Fandrei 1996) . This liming treatment had only a slight effect on the water colour of Packers Lake, as the lake is still coloured and experienced little to no change in water clarity (Table 1) . From 1984 to 1998, nitrogenphosphorus fertilizer was added to the northern third of Packers Lake with the goal of increasing the phosphorus loading by 40% and nitrogen loading by 109% (Kyle et al. 1997; Colvin 2001) . A program to stock sockeye salmon fry into Packers Lake was also implemented between 1988 and 1997, and an average of 2 800 000 fry were introduced annually (i.e., mean between 1988 and 1994; Fandrei 1996) .
Core and sediment analysis
In 1998, a 38-cm gravity core was collected from the northern basin of Packers Lake (Fig. 1) and extruded contin-uously in 0.5-cm intervals using a vertical Glew (1988) extruder. Chronostratigraphic techniques used in this study included identifying tephra layers in the core and 210 Pb, 137 Cs, and 14 C analyses as described below.
Twenty-two samples were prepared for 210 Pb and 137 Cs counting following the methods described in Schelske et al. (1994) and analysed in a germanium gamma detector (EG&G Ortec, Oak Ridge, TN 37830, USA). For 14 C analy- Note: Surface measurements (1 m) that have been seasonally averaged (May-October) are presented with the standard errors of seasonal means given in parentheses. Sources: Koenings et al. (1985) , Fandrei (1996) , and J. Edmundson (Limnology Lab, Alaska Department of Fish and Game, 43961 Kalifornsky Beach Road, Suite B, Soldotna, AK 99669-8367, USA, unpublished data).
*The 1990-1995 average from Alaska Department of Fish and Game (unpublished data). Table 1 . Physical, chemical, and biological water quality parameters from Packers Lake collected during the prefertilization, fertilization and no stocking, and fertilization and stocking periods.
sis, a spruce (Picea spp.) seed from near the bottom of the core (36-36.5 cm) was analysed at the Lawrence Livermore Center for Accelerator Mass Spectrometry. The 14 C date was calibrated with the CALIB program version 4.3 using the atmospheric decadal calibration curve (Stuiver et al. 1998) .
Tephra layers were first identified using magnetic susceptibility analysis determined by employing a Bartington MS2 magnetic susceptibility meter (Bartington Instruments Ltd., Witney, Oxford, UK). Microscopic examination of the high magnetic susceptibility intervals for the presence of volcanic glass confirmed these layers as tephras. Microprobe analysis was conducted on volcanic glass from the 24.5-cm interval using a scanning electron microprobe quantometre (Applied Research Laboratories Ltd., Glendale, Calif.) to measure the oxide content of the glass and identify the source eruption of the tephra (Turney and Lowe 2001) .
Physical, geochemical, and isotopic analyses conducted on the sediments included water content, biogenic silica, carbon, and nitrogen content, and δ 15 N and δ 13 C. Biogenic silica analyses were performed on subsamples taken from a sieved fraction (<420 µm) of the sediment and analysed according to the methods outlined in Mortlock and Froelich (1989) using a 0.1 mol·L -1 solution of Na 2 CO 3 to dissolve the biogenic silica. We have expressed our biogenic silica results as percent opal (per unit dry weight), which accounts for the presence of water in diatomaceous silica.
For all carbon and nitrogen analyses, bulk sediment subsamples were first treated with 2 mol·L -1 HCl for approximately 24 h to remove carbonates and to ensure that δ 13 C analyses were performed only on carbon bound to organic matter. Sediments were then washed with double-distilled water four times, freeze-dried, homogenized, and analysed using a Finnigan Delta Plus mass spectrometer (Bremen, Germany). Isotopic analyses are reported in standard δ notation relative to atmospheric N 2 for nitrogen and PeeDee Belemnite for carbon. Analytical precision was, on average, ±0.2‰ for δ 15 N and ±0.3‰ for δ 13 C. Diatoms and chrysophytes were also identified and enumerated from 29 intervals in the core. Microfossil slides were prepared according to standard methods (Battarbee et al. 2001) . At least 400 diatom valves from each sample were identified and enumerated along parallel transects across slides (Gregory-Eaves et al. 2003) . Chrysophyte cysts and scales were also enumerated and are expressed as a percentage relative to the number of diatom frustules and chrysophyte cysts or scales counted (Smol 1985) .
Results and discussion
Core chronology and tephrochronology
Numerous tephra layers were apparent in the Packers Lake core (Fig. 2 ) and these layers provided both challenges and opportunities for constructing an age model. The total 210 Pb profile shows significant deviations where tephras are present, even at depths where we would expect there to be no unsupported 210 Pb activity (i.e., only supported 210 Pb) (Fig. 3) . Using the historical tephras as age markers, we would expect that sediments below~10 cm would have little to no unsupported 210 Pb. Therefore, we suggest that the sudden inputs of ash during a tephra sequence resulted in substantial decreases in both unsupported (where present) and supported 210 Pb activity. The marked change in many of the geochemical profiles (Fig. 4) supports the idea that tephra layers were deposited quickly and thus sources of 238 U and its decay products would have been diluted. For example, a second tracer in the 238 U decay series, 214 Pb, also shows decreases with tephra inputs.
Based on the above interpretation, we believe that background 210 Pb levels are reached somewhere between 5 and 14 cm at an activity of~6 dpm·g -1 , as all measurements where there were no tephras below 14 cm are close to this number. Applying the constant rate of supply model (Appleby 2001) to our 210 Pb activities, the oldest age generated through this technique was AD 1833 (at a depth of 4.5 cm) (Fig. 5) . However, given that the 210 Pb profile was complicated by tephras and reached background levels close to the top of the core, we developed additional chronologies using alternative methods (i.e., other radiometric isotopes and tephrochronology). We believe that most robust chronology is based on using the following three markers: (i) our coring date, (ii) the 137 Cs peak, and (iii) a basal 14 C date. Unlike the 210 Pb profile, the 137 Cs peak, which indicates the height of atmospheric nuclear weapons testing in 1963 (Appleby 2001) , occurred in a section of the core that was not complicated by tephras (i.e., at 3 cm). Our 14 C date of 370 ± 40 years BP was calibrated to a calendar age of AD 1540 (Gregory-Eaves 2002). This three-marker age model matches closely with an age model that we developed incorporating the age-depth relationship of tephra layers (discussed below) and has good overall agreement with the 210 Pb model (Fig. 5) . The discrepancy between the older 210 Pb ages and our other age models could be explained by our inability to clearly define background 210 Pb activity as well as the larger errors associated with older 210 Pb dates. A third ageing approach is to apply tephrachronology, which has been fairly well established in a paleolimnological study of a lake~75 km east from our study site, Skilak Lake ( Figs. 1 and 2) (Beget et al. 1994 ). Through our microprobe analyses, we identified the Mt. Spurr -Crater Peak (~AD 1650; Beget et al. 1994 ) tephra layer in the Packers Lake core (Gregory-Eaves 2002) . Knowing the position of this tephra layer and the sequence of historical eruptions allowed us to infer the sources of other tephras in the core by comparing the magnetic susceptibility profile from Packers Lake with that of Skilak Lake (Fig. 2) . Unfortunately, for the Skilak Lake record, only the known historical eruptions (i.e., Mt. Novarupta/Katmai in 1912, Mt. Redoubt in 1902, and Mt. St. Augustine in 1883) and the 14 C-dated Mt. St. Augustine tephra (~AD 1450) were dated reliably. Dates for all intervening tephras were interpolated. For this reason, we did not include the position of tephra layers in the development of our final age model. However, a comparison of our age model (using only the coring date, the 137 Cs peak, and the 14 C date) with the alternative model that also includes the tephra layers demonstrates a high degree of similarity, where the alternative model falls within the two-sigma range of our calibrated 14 C date (Fig. 5) .
Physical, geochemical, and isotopic data As mentioned above, tephra layers in the Packers Lake core are represented as sharp changes in physical and chemical measures of the sediment. Concurrent with the peaks in magnetic susceptibility are dramatic changes in water, carbon, and nitrogen content (Fig. 4) . In contrast with these measures, however, δ 13 C and δ 15 N show little relationship to the input of tephras (this is especially true for the deviations that are >1‰) (Fig. 4) . Similarly, the C:N ratio is relatively low and stable (mean = 10.6 and SD = 1.0), which suggests that the organic matter throughout the sediment record is primarily of aquatic origin.
Over the record, the δ 15 N profile varies between 4.9‰ and 7.9‰ . High values in δ 15 N are greatly enriched compared with δ 15 N values from non-salmon lakes in Alaska, which display mean δ 15 N of surface sediments of 1.5 ± 0.9‰ (n = 33) (Finney et al. 2000) . High sediment δ 15 N values are likely due to the relatively high number of sockeye salmon that return to Packers Lake ( Table 2 ). The density of adult sockeye salmon, the number of spawners per lake surface area, at Packers Lake is comparable with that at Karluk and Frazer lakes (Table 2) Packers Lake has a relatively slow flushing rate (Table 2) , which is likely important in that salmon-derived nutrients can be incorporated into the lentic food web and ultimately into the lake sediments. Packers, Karluk, and Frazer lakes have similar water residence times (Table 2) .
Biogenic silica analyses of sediment should be able to detect past changes in trophic state, as dissolved silica concentrations in Packers Lake were not found to be limiting for algal growth, and silica-requiring algae (i.e., diatoms and chrysophytes) dominated the modern phytoplankton assemblages (Koenings et al. 1985; Kyle 1994 ). Similar to δ 15 N, biogenic silica exhibited substantial variation, ranging between 6.2% and 22.7% opal (Fig. 4) . Biogenic silica was also found to strongly covary with δ 15 N (r 2 = 0.62, p < 0.01, n = 20). This observation supports our conclusion that salmon-derived nutrient loading to Packers Lake has been substantial. However, in the lower 20 cm of the core where there are large tephra layers, biogenic silica shows less variation compared with that recorded in the δ 15 N profile. It is possible that during this interval, other algae were more abundant and thus the production by silica-requiring algae Fig. 2 . Magnetic susceptibility profiles from (a) Packers Lake and (b) Skilak Lake (data from Skilak Lake digitized from Beget et al. 1994) . Microprobe analyses confirmed the source volcanoes for tephras in Skilak Lake, whereas microprobe analysis only confirmed the location of the Mt. Spurr -Crater Peak tephra in the Packers Lake core (in bold). The identification of tephras in the Packers Lake core is based on matching magnetic susceptibility peaks between the Packers Lake and Skilak Lake profiles. The 1989-1990 Mt. Redoubt tephra is not present in the Skilak Lake profile because the cores were collected in 1987 and 1988. (measured as biogenic silica) was more complacent to salmon-derived nutrient loading (inferred from δ 15 N). δ 13 C analysis of lake sediment organic matter is another proxy that has been used to track past trophic state changes (Schelske and Hodell 1991) . In Packers Lake, however, the δ 13 C signature was related to neither biogenic silica (r 2 = 0.03, p = 0.47, n = 20) nor δ 15 N (r 2 = 0.01, p = 0.54, n = 48). We believe that this might be due to other factors, such as changes in the source of dissolved inorganic carbon or organic matter and (or) shifts in temperature, in shaping the δ 13 C signature (Meyers and Ishiwatari 1993) . In particular, the decomposition of sockeye salmon carcasses could have an effect on δ 13 C opposite to that typical of changes in productivity. Adult sockeye salmon have a low δ 13 C signature (-22.2‰ to -19.6‰; Kline et al. 1993) relative to the δ 13 C signature of atmospheric CO 2 (about -8‰; Boutton 1991) and of dissolved inorganic carbon in freshwater lakes (about -15‰ to 0‰; Boutton 1991) . With large increases in abundances of spawning sockeye salmon, the overall δ 13 C carbon pool may have been shifted to a more depleted state and obscured enrichment of δ 13 C by enhanced phytoplankton productivity. Overall, we infer substantial changes in past abundances of sockeye salmon spawners from our biogenic silica and δ 15 N analyses.
Diatom and chrysophyte profiles
A total of 263 diatom taxa were identified in the Packers Lake sediments. However, only 12 taxa had a relative abundance of >5% in at least one sample (Fig. 6) . Dominance of this group is reflected by the fact that these 12 taxa represent an average of 70% of the diatom assemblages.
Striking changes in the diatom species assemblage are apparent (Fig. 6 ). For most of the record, from 7 to 36 cm, the mesotrophic indicator Aulacoseira subarctica (GregoryEaves et al. 1999 ) is dominant, suggesting that the lake has been moderately productive. However, even within the section where A. subarctica is dominant (7-36 cm), there are substantial changes in the relative abundances of this taxon and they parallel shifts in biogenic silica and δ 15 N (in particular, where δ 15 N changes are >1‰, i.e., 10-20 cm). These data suggest that substantial changes in sockeye salmon abundance occurred and affected lake productivity.
The benthic diatom community is also quite abundant over the record (particularly from 7 to 36 cm; Fig. 6 ) and is composed primarily of small benthic Fragilaria spp., Achnanthes spp., and Navicula spp. Interestingly, where the record is not complicated by tephras (between 10 and 20 cm), the pattern of variability in the benthic diatom community is opposite to the δ 15 N record (r 2 = 0.70, n = 8, p <0.01) (Fig. 6 ). This trend has been noted in other studies of sockeye nursery lakes (Finney et al. 2000; Gregory-Eaves et al. 2003) and is likely due to the observation that sockeye salmon carcasses primarily decompose in littoral environments. We believe that when the abundance of carcasses is low, the benthic community sequesters salmon-derived nutrients and makes them less available to the phytoplankton (Finney et al. 2000; Gregory-Eaves et al. 2003) . The relationship between benthic taxa and δ 15 N, however, is somewhat obscured (Fig. 6 ) by the presence of several tephras, which may themselves have had a pronounced effect on Packers Lake (described below).
The diatom and tephra records from Packers Lake suggest that the input of volcanic ash had modest but brief enrichment effects. The enrichment periods are inferred from the substantial increases in Cyclotella pseudostelligera in intervals following several tephra layers (i.e., at 6, 20, and 28 cm; Fig. 6 ). Cyclotella pseudostelligera (or Cyclotella glomerata, which we believe is the same species) has been shown to be responsive to fertilization in numerous studies (e.g., Yang et al. 1996; Gregory-Eaves et al. 2003) . These results are comparable with the findings of Kurenkov (1966) and Mathisen and Poe (1978) who found that volcanic ash stimulated diatom production. In addition, Kurenkov (1966) and Larson (1993) conducted long-term monitoring of lakes sub- Fig. 3 . Total 210 Pb activity (circles) and magnetic susceptibility (squares) measurements from along the length of the Packers Lake core. Substantial deviations in 210 Pb activity are noted when there is an influx of tephra material (inferred from the magnetic susceptibility peaks).
jected to the deposition of volcanic ash and reported results similar to ours, i.e., that lake enrichment appears to be a short-term phenomenon.
Following the tephra layers between 5 and 10 cm, there is a noticeable rise in Aulacoseira distans var. tenella and a continued decrease in A. subarctica. We infer from these changes a decrease in trophic state, as A. distans var. tenella is reported to have a lower total phosphorus optimum than A. subarctica (Hall and Smol 1996) . This inference is also supported by the decrease in δ 15 N and biogenic silica (Fig. 6) . The lake fertilization program at Packers Lake (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) ) is marked by a large increase in C. pseudostelligera, a decrease in benthic diatoms and chrysophyte cysts, and an increase in chrysophyte scales. As mentioned above, C. pseudostelligera has previously been shown to be responsive to fertilization. However, the dominance of this taxon instead of the more nutrient-rich indicator A. subarctica (as inferred from its total phosphorus optimum; Gregory-Eaves et al. 1999) suggests that the enrichment caused by the fertilization program was not as strong as that evident earlier during the period of larger salmon returns (inferred from δ 15 N at 13 cm). The decrease in benthic diatoms is likely due to the fact that the fertilizer was applied to the pelagic zone and thus favored planktonic diatoms (which would cause them to make up a greater proportion of the overall diatom assemblage). Chrysophytes typically do well in nutrient-poor water (Smol 1985) , and thus, the decrease in cysts (which are formed by all chrysophyte taxa) with lake fertilization was not unexpected. The increase in scale-bearing chrysophytes (e.g., Mallomonas spp.), although opposite to the generalized chrysophyte response, is similar to what we observed in Frazer Lake during periods of modest nutrient enrichment (Gregory-Eaves et al. 2003) . The dominant chrysophyte scales in both the Packers and Frazer lake records were Mallomonas crassisquama and Mallomonas pseudocoronata, taxa that are known to increase in abundance with slight nutrient enrichment (Fritz et al. 1993; Zeeb et al. 1994) . Interestingly, the pattern of increased abundances of chrysophyte scales with nutrient enrichment at Packers Lake is also apparent prior to fertilization. At 6 cm in the core, where we inferred a slight enrichment with the sharp rise in C. pseudostelligera, we also recorded a large increase in the abundance of chrysophyte scales, mostly M. pseudocoronata and M. crassisquama (Fig. 6) .
In summary, the diatom and chrysophyte communities of Packers Lake have undergone shifts that can be attributed to changes in sockeye salmon spawner abundances, volcanic ashfalls, and lake management practices. Many of the microfossil changes are synchronous with shifts in δ 15 N and biogenic silica.
Relative importance of lake and ocean conditions in adult sockeye salmon production
Researchers over the past 10 years have clearly shown that substantial quantities of salmon-derived nutrients may be incorporated into sockeye salmon smolts (e.g., Kline et al. 1993) . It has also been demonstrated that larger smolts, up to 110 mm in size, have low ocean mortality and a greater chance of returning to their natal nursery grounds to spawn (Koenings and Burkett 1987b) . Therefore, it seems reasonable to suggest that there is a positive feedback loop among generations of sockeye salmon in systems where salmon-derived nutrient loading is significant. Much of this research, however, has been restricted to clearwater nursery lakes that have been monitored for short periods of time.
In our study of Packers Lake, we see a strong response in the microfossils to changes in salmon-derived nutrients, as inferred from the δ 15 N profile, particularly between 10 and 20 cm (Fig. 6) , which suggests that these nutrients are available for uptake by algae in this stained lake. The recent fertilization of Packers Lake also stimulated significant increases in zooplankton biomass and sockeye salmon smolt weights (Mazumder and Edmundson 2002) (Table 1) . Mazumder and Edmundson (2002) suggested that the lack of a significant response in chlorophyll a concentrations during the fertilization treatment could be explained by large increases in herbivorous zooplankton during this period. Overall, these results suggest that, similar to clearwater lakes, it appears that nutrient dynamics in stained lakes can affect sockeye salmon smolt sizes, which, in turn, can be important in determining the ocean survival of sockeye salmon.
Over longer time scales, however, it appears that environmental conditions in the North Pacific have a primary control on adult sockeye production, as synchronous trends in population dynamics are seen over large geographic areas. Comparison of sockeye salmon population dynamics inferred from the Packers Lake paleolimnological data from 10 to 20 cm (i.e.,~1770-1880) in a section of the core free of tephra layers with records from Kodiak Island and Bristol Bay (Finney et al. 2000 ) reveals a coherent regional pattern (Fig. 7) . Specifically, the early 1800s period of lower abundances of sockeye salmon at Packers Lake (inferred from the low δ 15 N values (Figs. 6 and 7), lower abundances of A. subarctica, and higher abundances of benthic diatoms centered around 15 cm (Fig. 6) corresponds to a marked decrease in sockeye salmon in all of the Kodiak Island and Bristol Bay nursery lakes studied to date (Finney et al. 2000) . The early 1800s also correspond to a period marked by the coldest seasurface temperatures in the last~250 years, inferred from tree-ring analysis (D'Arrigo et al. 1999) . Over the twentieth century, a steady decline in inferred sockeye salmon escapement is apparent in all of the lakes studied to date (Finney et al. 2000 ; this study) and can be attributed, at least in part, to commercial fishing.
The anadromous life cycle of sockeye salmon has led many investigators to look at both freshwater and marine environments to determine their roles in controlling adult sockeye salmon productivity. Generally, researchers have focused on either the freshwater or marine environment, in part because it would be logistically challenging to study both. However, the study of lake sediments from sockeye salmon nursery lakes allows us to infer some of the dynamics from both environments. From our paleolimnological studies of both clear and stained lakes, it appears that salmonderived nutrients can be important in controlling freshwater productivity, which is important to the development of sockeye salmon smolts. The ocean environment, however, which is the habitat shared by all sockeye salmon populations, has a primary control on adult production over longer times scales.
In conclusion, changes in nutrients and productivity related to adult sockeye salmon abundances and volcanic eruptions are the main signals recorded in the Packers Lake sediments. Volcanic ashes appear to have triggered a shortterm effect in the diatom community, reflecting slight nutrient enrichment. This enrichment response, which is short term in nature, is consistent with observations of water chemistry and algal communities made in several lakes affected by volcanic ashfall (Kurenkov 1966; Mathisen and Poe 1978) .
In contrast, sediments representing the period betweeñ AD 1770 and 1882 were not influenced by volcanic eruptions, and during this time, we infer dramatic changes in sockeye salmon. The inferred pattern in sockeye salmon population dynamics from Packers Lake tracks the same trend as those apparent from analyses of other sockeye salmon stocks from southern Alaska. The synchronicity of salmon trends among clearwater and stained lakes suggests that the marine phase of the sockeye salmon life cycle is a critical determinant of final adult spawner production, as this environment is common to all salmon populations. 15 N profile from Packers Lake, the stained sockeye salmon nursery lake, reflects a trend that is coherent with those from clearwater systems. Control lakes have steep waterfalls at their outlets and thus have not been accessible to sockeye salmon. However, a sockeye salmon population was established in one of the control lakes (Frazer Lake) after the fish were introduced in the late 1950s and fish ladders were constructed over the falls.
